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Abstract 
 This thesis examines some effects of surface water and groundwater hydrology on 
the mobility of trace elements and phosphorus in natural environments. Three separate 
field sites are studied: 1) the shoreline of Lake Powell, a large reservoir on the Colorado 
River in Utah and Arizona where the surface elevation fluctuates on yearly and multi-
yearly timescales, 2) the Colorado River inflow region to Lake Powell, where the 
sediment delta has been exposed due to low water levels, and 3) the lower Merced River, 
which is located in the San Joaquin Valley, California, amidst extensive agricultural 
development. 
On the shoreline of Lake Powell, depth profiles of manganese and uranium were 
used to estimate the redox state of sediment porewater. Samples were collected before 
and after a fluctuation in reservoir level exposed two sampling locations to air and then 
resubmerged them. Results indicate that reducing conditions are re-established at 
different rates in two nearby shoreline locations, and that manganese reduction occurs 
more rapidly than uranium reduction upon resubmergence. 
 In the Colorado River inflow region of Lake Powell, sediment samples were 
collected from the lakebed and shoreline. Measurements indicate that particle size 
anticorrelates with the concentrations of most elements and clay minerals and explains 
much, but not all, of the variation in trace elements. Spatial trends of particle size imply 
that low reservoir levels may induce resuspension of fine sediment, a process that may 
lead to increased primary productivity observed in monitoring data. Sequential 
extractions performed on these sediment samples suggest that phosphorus, the limiting 
nutrient in Lake Powell, is primarily associated with calcite and biogenic apatite. 
 ix
Sorption experiments indicate that fine particles sorb much more phosphorus than coarse 
particles, and that only a small amount of the sediment-associated phosphorus is desorbed 
during sediment resuspension. When reservoir levels are low, measurements of dissolved 
phosphorus suggest that sediment resuspended by the Colorado River may supply 
phosphorus to the photic zone under specific hydrologic conditions. 
 Samples of groundwater collected from beneath the Merced River were analyzed 
for a suite of trace elements. Statistical analyses suggest that hydrologic processes 
generally influence the transport of trace solutes more than redox chemistry, and results 
vary between strontium, barium, uranium, and phosphorus. 
 x
Table of Contents 
Acknowledgements …………………………………………………………………..  iii 
Abstract ……………………………………………………………………………… viii 
Table of Contents …………………………………………………………………….  iix 
List of Figures ……………………………………………………………………......  xii 
List of Tables ………………………………………………………………………... xiii 
List of Co-Authors …………………………………………………………………... xiv 
 
Chapter 1: Introduction .…………………………………………………………   1 - 1 
 1.1. Motivation ………………………………………………………………..  1 - 1  
 1.2. Research Topics and Brief Overview of Chapters ……………………….  1 - 3 
 1.3. References ………………………………………………………………..  1 - 7 
 
Chapter 2: Background …………………………………………………………. 2 - 11 
 2.1. Hydrology and Water Quality of the Colorado River …………………… 2 - 11 
 2.2. Hydrology and Water Quality of Lake Powell ………………………….. 2 - 14 
 2.3. Early Diagenesis and its Implications for Contaminants in the  
  Subsurface ……………………………………………………………….. 2 - 19 
 2.4. Reservoir Sedimentation and Transport of Sediment-Bound Elements .... 2 - 11 
 2.5. Phosphorus in Lakes …………………………………………………….. 2 - 13 
 2.6. Water Resources and Water Use in the Lower Merced River Basin,  
  California ………………………………………………………………... 2 - 15 
 2.7. Subsurface Hydrologic and Biogeochemical Processes in Rivers and 
  Streams …………………………………………………………………... 2 - 18 
 2.7. References ……………………………………………………………….. 2 - 19 
 
Chapter 3: Porewater Redox Geochemistry before and after Exposure and 
 Re-Submergence of Sediment at a Reservoir Shoreline ……………….. 3 -   1 
 Acknowledgements ……………………………………………………………. 3-    1 
 Abstract ………………………………………………………………………... 3 -   2 
 Introduction ……………………………………………………………………. 3 -   3 
 Sampling and Methods ………………………………………………………... 3 -   5 
 Results …………………………………………………………………………. 3 -   8 
 Discussion ……………………………………………………………………... 3 - 13 
 References ……………………………………………………………………... 3 - 23 
 Tables ………………………………………………………………………….. 3 - 27 
 Figure Captions ………………………………………………………………... 3 - 30 
 Figures ………………………………………………………………………… 3 - 33 
 Appendix ………………………………………………………………………. 3 - 40 
 
Chapter 4: Particle Size Controls Sedimentary Chemical Distribution in a Large 
 Reservoir, Lake Powell, USA …………………………………………….. 4 - 11 
 Abstract ………………………………………………………………………... 4 - 11 
 Introduction ……………………………………………………………………. 4 - 12 
 Sampling and Analytical Methods …………………………………………….. 4 - 13 
 xi
 Results …………………………………………………………………………. 4 - 118 
 Discussion ……………………………………………………………………... 4 - 114 
 Acknowledgements ……………………………………………………………. 4 - 119 
 References ……………………………………………………………………... 4 - 120 
 Figures ………………………………………………………………………… 4 - 123 
 Supporting Information, Text …………………………………………………. 4 - 126 
 Supporting Information, References …………………………………………... 4 - 131 
 Supporting Information, Tables ……………………………………………….. 4 - 132 
 Supporting Information, Figures ………………………………………………. 4 - 110 
 
Chapter 5: Phosphorus Release during Sediment Resuspension in the Delta Region 
 of a Large, Oligotrophic Reservoir (Lake Powell, Utah, USA) during Declining 
 Water Level ………………………………………………………………… 5 - 11 
 Abstract ………………………………………………………………………... 5 - 11 
 1. Introduction …………………………………………………………………. 5 - 12 
 2. Sedimentation and Phosphorus in Lake Powell …………………………….. 5 - 14 
 3. Experimental ………………………………………………………………... 5 - 16 
 4. Results ………………………………………………………………………. 5 - 15 
 5. Discussion …………………………………………………………………... 5 - 19 
 6. Conclusions …………………………………………………………………. 5 - 26 
 Acknowledgements ……………………………………………………………. 5 - 27 
 References ……………………………………………………………………... 5 - 27 
 Tables ………………………………………………………………………….. 5 - 32 
 Figures ………………………………………………………………………… 5 - 36 
 
Chapter 6: Hydrologic and Biogeochemical Controls of River Subsurface 
 Solutes under Agriculturally-Enhanced Groundwater Flow …………… 6 -   1 
 Abstract ………………………………………………………………………... 6 -   1 
 Introduction ……………………………………………………………………. 6 -   2 
 Field Site: The Merced River ………………………………………………….. 6 -   5 
 Methods ……………………………………………………………………….. 6 -   7 
 Results and Discussion ………………………………………………………... 6 - 10 
 Conclusions ……………………………………………………………………. 6 - 22 
 Acknowledgements ……………………………………………………………. 6 - 24 
 References ……………………………………………………………………... 6 - 24 
 Figure Captions ………………………………………………………………... 6 - 29 
 Tables ………………………………………………………………………….. 6 - 30 
 Figures ………………………………………………………………………… 6 - 37 
 Appendix ………………………………………………………………………. 6 - 39  
 
Chapter 7: Conclusions …………………………………………………………. 7 - 1 
 7.1. Summary of Research Findings …………………………………...…….. 7 - 1 
 7.2. Wider Implications and Significance ……………………………………. 7 - 8 
 xii
List of Figures 
 
Figure Title Page 
Chapter 2   
   Figure 1 The Colorado River Basin 2 - 11 
   Figure 2 Lake Powell 2 - 15 
   Figure 3 Surface Elevation of Lake Powell 2 - 16 
   Figure 4 The San Joaquin Valley 2 - 15 
   Figure 5 The Lower Merced River Basin 2 - 16 
   Figure 6 Schematic Representations of Hyporheic Zone Flowpaths 2 - 18 
Chapter 3   
   Figure 1 Map of Lake Powell 3 - 33 
   Figure 2 Lake Powell Water Surface Elevation 3 - 34 
   Figure 3 Sample Deployment in White Canyon 3 - 35 
   Figure 4 Qualitative Evidence of Sediment Transport in White Canyon 3 - 36 
   Figure 5 Porewater Profiles of Manganese Concentrations in Farley 
Canyon and White Canyon 
3 - 37 
   Figure 6 Porewater Profiles of Uranium Concentrations in Farley 
Canyon and White Canyon 
3 - 38 
   Figure 7 Porewater Profiles of Lead and Arsenic Concentrations in 
Farley Canyon and White Canyon 
3 - 39 
Chapter 4   
   Figure 1 Sampling Locations at Lake Powell 4 - 123 
   Figure 2 Particle Size of Lakebed Sediment in Lake Powell 4 - 124 
   Figure 3 Possible Impact of Drawdown on Water Quality, Hydrologic 
Years 1997-2006 
4 - 125 
   Figure S1 Water Surface Elevation of Lake Powell, Hydrologic Years 
2004-2006 
4 - 110 
   Figure S2 Layers of Sediment at the 249.5 km Delta Shoreline Location 4 - 111 
   Figure S3 Particle Size Distributions of Lakebed Surface Samples 
Colleted from Delta Sediment in March 2006 
4 - 112 
   Figure S4 Particle Size Distributions of Lakebed Surface Samples 
Collected in March and May 2006 
4 - 113 
   Figure S5 Total and Organic Carbon in Lake Powell Sediment 4 - 114 
   Figure S6 Concentrations of Non-Clay and Clay Minerals in Lake Powell 
Sediment 
4 - 115 
Chapter 5   
   Figure 1 Sampling Locations at Lake Powell 5 - 36 
   Figure 2 Results from Phosphorus Sequential Extractions 5 - 37 
   Figure 3 Phosphorus Extracted by Bicarbonate+Dithionite and by 
Heating at 550°C Followed by Hydrochloric Acid  
5 - 38 
   Figure 4 Results from Phosphorus Sorption Experiments 5 - 39 
Chapter 6   
   Figure 1 Regional and Detailed Setting and Near-River Land Uses of 
the Merced River Field Site 
6 - 37 
   Figure 2 Schematic of Well Locations beneath the Merced River 6 - 38 
 xiii
List of Tables 
 
Table Title Page 
Chapter 3   
   Table 1 Trace Elements in Sediment Porewater Sampled at the Lake 
Powell Shoreline 
3 - 27 
   Table 2 Porewater Mn2+ Flux Across the Sediment-Water Interface 3 - 28 
   Table 3 Correlations of Solutes with Mn 3 - 29 
   Table A1 Concentrations of Manganese and Uranium and Lead Measured 
During a June 2005 Survey of Porewater in Side Canyon 
Sediment of Lake Powell 
3 - 40 
   Table A2 Concentrations of Lead and Arsenic Measured During January 
2007 in Farley Canyon and White Canyon, Lake Powell 
3 - 44 
Chapter 4   
   Table S1 Sampling Locations 4 - 32 
   Table S2 Particle Size Statistics 4 - 33 
   Table S3A Elemental Abundances (%) in Sediment Samples 4 - 35 
   Table S3B  Elemental Abundances (molar ratios) in Sediment Samples 4 - 48 
   Table S4A Bulk Mineral Composition (%) of Sediment Core Sections 4 - 61 
   Table S4B Bulk Mineral Composition (molar ratios) of Sediment Core 
Sections 
4 - 66 
   Table S5A Correlation Significance Thresholds 4 - 71 
   Table S5B Correlation Coefficients from Mass Percentages 4 - 72 
   Table S5C Correlation Coefficients from Molar Ratios 4 - 91 
Chapter 5   
   Table 1 Sequential Extraction Conditions Used to Determine Operational 
Speciation on Sedimentary Soluble Reactive Phosphorus 
5 - 32 
   Table 2 Dissolved Inorganic Elemental Concentrations in the Inflow 
Region of Lake Powell 
5 - 33 
   Table 3 Amount of Phosphorus Extracted in Sequential Fractions 5 - 34 
   Table 4 Sorption Isotherm Parameters and Results 5 - 35 
Chapter 6   
   Table 1 Descriptive Statistics for Full Data Set 6 - 30 
   Table 2 Specific Conductance and Bromine in Surface Water and 
Groundwater 
6 - 31 
   Table 3 Correlation Matrices for Trace Elements and Residuals from a 
Linear Model with Bromine as a Predictor Variable  
6 - 32 
   Table 4 Manganese and DOC in Filtered Merced River Groundwater 6 - 33 
   Table 5 Principal Component Analysis of Measured Parameters and 
Spatial Variables in Merced River Groundwater 
6 - 34 
   Table 6 Strontium and Barium in Filtered Merced River Groundwater 6 - 35 
   Table 7 Uranium and Phosphorus in Filtered Merced River Groundwater 6 - 36 
   Table A1 pH and Alkalinity in the Merced River Subsurface 6 - 39 
   Table A2 Specific Conductance and Trace Elements in the Local Aquifer 
to the Northwest of the Merced River 
6 - 40 
 xiv
List of Co-Authors 
 
Mark Anderson (Chapter 3) 
 Aquatic Ecologist, Glen Canyon National Recreation Area 
 
Nathan C. Chan (Chapter 3) 
 Graduate Student, Columbia University School of International and Public Affairs 
 
Nathan F. Dalleska (Chapter 3) 
 Director, California Institute of Technology Environmental Analysis Center 
 
Mike DeLeon (Chapter 4) 
 Applications Specialist - XRF, Spectro Analytical Instruments, Inc., Ametek 
 
Joseph L. Domagalski (Chapter 6) 
 Project Leader, United States Geological Survey 
 
Michael B. Easler (Chapter 4) 
 Undergraduate, University of Minnesota Department of Landscape Architecture 
 
Dennis D. Eberl (Chapter 4) 
 Senior Scientist, National Research Program, United States Geological Survey 
 
Aurelio LaRotta (Chapter 4) 
 Applications Scientist - XRF, Spectro Analytical Instruments, Inc., Ametek 
 
Lincoln F. Pratson (Chapter 4) 
 Associate Professor, Nicholas School for the Environment, Duke University 
 
